Measuring corneal biomechanical properties is still challenging. There are several clinical applications for biomechanical measurements, including the detection of mild or early forms of ectatic corneal diseases. This article reviews clinical applications for biomechanical measurements provided by the Corvis ST dynamic non contact tonometer
One of the major challenges of modern ophthalmology is to accurately measure corneal biomechanical properties. Ex vivo laboratory studies [1] and mathematical corneal models [2, 3] paved the way to in vivo biomechanical assessment, which was first available in 2005 with the ocular response analyzer (ORA), developed by David Luce. [4] The ORA is a modified noncontact tonometer (NCT) designed to provide a more accurate measurement of intraocular pressure than Goldmann tonometry by compensating for corneal biomechanics. The ORA provides estimates of corneal hysteresis and corneal resistance factor following the applanation induced by an air jet. [4] Potential clinical applications of assessing corneal biomechanics include greater understanding of intraocular pressure and corneal treatments such as elective laser vision refractive surgery, corneal crosslinking (CXL), and corneal incisions, as these procedures might induce changes in biomechanical response. [5] In addition, it is presumed that in keratoconus and other ectatic corneal diseases, the changes in curvature, elevation, and pachymetry, which in fact, remain the focus of clinical investigation in our daily practice, are most likely secondary to a focal weakening that initiates a biomechanical decompensation. [6, 7] Thus, early identification and recognition of an eventual biomechanical flaw, beyond corneal shape analysis, might possibly enhance our sensitivity to detect milder forms of ectatic diseases.
The identification of milder or sub-clinical forms of ectatic corneal diseases became crucial following the latest developments in refractive surgery. Indeed, these cases are typically at very high risk for developing iatrogenic progressive ectasia (keratectasia) after laser vision correction (LVC). [8] [9] [10] Nevertheless, the current concept for screening ectasia risk goes beyond the detection of mild cases of ectasia, [9] toward the characterization of biomechanical susceptibility if an additional structural impact is induced by the procedure. In addition, the need to increase sensitivity to detect early stages of the disease and also monitor its progression has also been boosted by the advent of new therapeutic alternatives for ectatic diseases, such as corneal CXL and intrastromal corneal rings segments. [11, 12] Certainly, the advent of front surface corneal topography improved our ability to detect ectasia in stages before the development of symptoms such as loss of visual acuity, or the appearance of clinical slit lamp signs. [13, 14] Corneal topography subsequently evolved to three-dimensional (3D) tomography, with front and back surfaces characterization, along with a thickness map. [15] Studies have demonstrated the ability of this technology to detect mild, "forme fruste" or subclinical keratoconus in eyes with "innocent", relatively normal topographic map from patients with contra-lateral clinical ectasia. [16, 17] Similarly, a tomographic approach has augmented the ability to detect ectasia risk or susceptibility in retrospective studies of patients who developed keratectasia after LASIK despite normal pre-operative topographic and pachymetric analysis. [18, 19] Finally, the combination of biomechanical and tomographical data was found to be especially helpful to enhance the overall diagnostic accuracy of mild forms of ectatic corneal disease in additional studies. [18, 20] In this article, we review the clinical applications for biomechanical assessments provided by the Corvis ST, a NCT which utilizes an ultra-high-speed (UHS) Scheimpflug camera to monitor dynamic corneal deformation along with the integration with Pentacam corneal and anterior segment tomography.
The Corvis ST Dynamic Scheimpflug Analyzer
Introduced at the AAO meeting in 2010, the Corvis ST (Oculus, Wetzlar, Germany), is a NCT system with a collimated air pulse with consistent pressure profile, that acquires 4300 frames/s using an UHS Scheimpflug camera with ultraviolet-free 455 nm blue light, covering 8.5 mm horizontally of a single slit to allow evaluation of corneal deformation. [21] [22] [23] During the measurement, an air puff deforms the cornea inward to the first applanation and then into concave shape, to the point that the highest concavity (HC) is achieved [ Fig. 1 ]. Afterward, the cornea recovers in the outward direction and undergoes a second applanation before returning to its natural position. Timing and corresponding pressures are monitored throughout the measurement. Once the measurement is performed, the device provides a set of corneal deformation parameters, based on the dynamic inspection of the corneal response, including analysis of those parameters that are extracted at the HC point [ Table 1 ]. [22] [23] [24] The Corvis ST uses a calibration factor to calculate the intraocular pressure (IOP) value based on the pressure that at the time of the first applanation. [22] The biomechanical-compensated IOP, available in the Vinciguerra Screening Report [ Fig. 2 ] is then corrected through a finite element method, using deformation data beyond central corneal thickness and age, including the deformation response. [25] [26] [27] Ramos and collaborators summarized and demonstrated the relevance of dynamic Scheimpflug imaging evaluation for several clinical conditions in a film, available at https://www. youtube.com/watch?v=VQj1pVexW8c. Other investigators also described additional clinical applications of dynamic 3D evaluation in daily practice, [28, 29] and acceptable repeatability for the key parameters has also been reported. [22, 30, 31] The role of dynamic corneal deformation response (DCR) analysis for an accurate intra-ocular pressure measurement was also illustrated in a study from Faria-Correia and collaborators. [28] The authors reported tomographic and biomechanical findings in a case of ocular hypertension in pressure-induced stromal keratopathy, which had been misdiagnosed as diffuse lamellar keratitis after LASIK due to dramatic underestimation of IOP using Goldmann Applanation tonometry. [28] The ability to enhance accuracy to detect ectatic corneal diseases has been expected since the Corvis prototype was tested, [18] but in fact, the first set of proposed parameters 
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Moment that the cornea assumes its maximum concavity during the air puff (in miliseconds). In parenthesis is the length of the distance between the two peaks of the cornea at this moment (in milimeters) 2 nd Applanation Moment at the second applanation of the cornea during the air puff (in miliseconds). In parenthesis is the lenght of the applanation at this moment (in milimeters) derived from the Corvis ST was found to have a relatively poor ability to discriminate between normal and keratoconic eyes, using the original set of deformation parameters available on the device. [32, 33] A retrospective study performed with the Corvis prototype raised the hypothesis that normal eyes (group N) and eyes with topographic patterns suspicious of keratoconus but documented as stable for at least 1 year and with normal tomography (group Stable-KCS), would have different deformation responses compared to ectatic corneas, including keratoconus eyes (KC group) and eyes with normal topographic patterns from cases with very asymmetric keratoconus (group FFKC). Although statistically significant distributions were found for all studied parameters between N and KC groups, there was a substantial overlap and the area under the ROC curve of the best parameter was of 0.852. [34] Thus, to maximize the separation between N and KC groups through a combination of parameters, a linear regression analysis model was calculated by the BrAIN (Brazilian Study Group of Artificial Intelligence and Corneal Analysis) group, finding the Corvis Prototype-Factor 1 (CPF-1), which enhanced the AUC to 0.945. Complementary statistical analysis found no differences on CPF-1 for the FFKC and KC groups and for the N and KCS groups, but there were significant differences for N versus FFKC, N versus KC, stable-KCS versus FFKC and stable-KCS versus KC. [34] This study demonstrated the potential for the data derived from this instrument to effectively distinguish normal and ectatic corneas, even in cases with mild topographic changes.
Several other studies focusing on the diagnosis of keratoconus employing the Corvis ST have been released in the literature in recent years. [21, 32, 35] Ali and collaborators compared dynamic Scheimpflug measurements between normal and keratoconic eyes and found that despite not having a good discriminative ability alone, the deformation amplitude was useful in diagnosis and monitoring of the disease. [32] Another study comparing normal and keratoconic eyes found the majority of the biomechanical variables derived from the Corvis ST (deformation amplitude, maximum corneal inward velocity, maximum corneal outward velocity, and maximum deformation area) to be significantly different between the groups. [21] In 2014, a multicenter international group for the study and improvement of the Corvis ST parameters was formed. The main focus of this task force was to maximize accuracy in detecting ectatic corneal diseases, at first exploring corneal deformation data but posteriorly integrating corneal tomography data from Pentacam. Vinciguerra and coworkers combined the DCR data and the horizontal thickness profile [36] for introducing the Corvis (or corneal) biomechanical index (CBI), [37] a parameter developed based on logistic regression analysis which combined deformation response parameters with corneal thickness profile [ Fig. 2 ]. This international collaborative study involved one eye randomly selected from 180 keratoconic patients and from 478 normals, and results of the training database showed that 98.2% of the cases were correctly classified, with 100% specificity and 94.1% sensitivity using a cut-off of 0.5. The area under the curve was 0.983. Subsequently, in the validation dataset, the same cut-off point correctly classified 98.8% of the cases, with 98.4% specificity and 100% sensitivity. [37] The same group presented a case series of patients with subclinical ectasia with normal topometric (anterior curvature) and also normal tomographic findings in one eye, including the Belin/ Ambrósio Enhanced Ectasia total deviation index (BAD-D) from the Pentacam less than 1.6 who showed abnormalities detected by the CBI. [38] Ambrósio and coworkers developed a combined parameter based on tomography data from the Pentacam (OCULUS Optikgeräte GmbH; Wetzlar, Germany) and biomechanical assessment from the Corvis ST. This multicenter study introduced a novel index for enhanced ectasia detection, the tomographic/biomechanical index (TBI) Figs. 3e and 4c . [10] The study involved one eye randomly selected from 480 patients with normal corneas and from 204 keratoconus patients (Groups I and II, respectively), along with 72 nonoperated ectatic eyes (Group III), from 94 patients with very asymmetric ectasia (VAE), whose fellow eyes (Group IV) presented with normal topography. Results showed that using a cut-off of 0.79, TBI provided 100% sensitivity for detecting clinical ectasia (groups II and III) with 100% specificity, as well. The AUROC for detecting ectasia (Groups II, III and IV) of TBI was 0.996, being statistically higher than tomographic parameters alone and CBI alone. In Group IV, an optimized TBI cut-off value of 0.29 provided 90.4% sensitivity and 96% specificity; and the area under the ROC curve was 0.985. This study demonstrated the added benefit of corneal deformation response data to the geometric analysis to provide improved accuracy for the diagnosis of very mild forms of ectasia.
The CBI and the TBI were developed to detect/screen for ectasia risk before LVC. Considered the LVC procedure does thin and weaken the cornea, the current algorithms would likely be positive after surgery even in stable cases. This may be important to clarify that a novel index is developed to detect post-LASIK ectasia.
External validation studies including one eye from 100 patients with mild keratoconus with central K less than 48D from India (Padmanabhan), and 24 patients with VAE from Iran (Momeni-Moghaddam) have also been conducted. A normal control group with one eye from 100 normal cases from India and from 34 normal patients from Iran were also included. The cutoff value of 0.79, which had 100% sensitivity for frank ectasia with 100% specificity in the original study, had 99% sensitivity and 100% specificity in the India population and 100% sensitivity for the ectatic eyes with 100% specificity in the cases from Iran. Considering the eyes with normal topography from the 24 VAE cases from Iran, the optimized TBI cutoff of 0.27, which had 90.4% sensitivity and 96% specificity in the original study, provided 91.6% sensitivity with 97% specificity. Such data validate the hypothesis that the TBI may potentially epitomize the inherent ectasia susceptibility of the cornea.
The clinical examples illustrate the benefits of such diagnostic approach to enhance both sensitivity and specificity for detecting ectasia which plays a fundamental role when screening laser refractive surgery candidates.
Clinical Examples
Forme fruste keratoconus A 14-year-old young man with very asymmetric ectatic corneal disease who was referenced to our clinic for treatment, is presented in Fig. 3 . Moderate keratoconus was noted in the left eye, which presented with uncorrected distance visual acuity of 20/50. The right eye had a relatively normal pattern, with very mild asymmetry and uncorrected distance visual acuity of 20/25. Manifest refraction was −0.50 −0.50 × 104 and +1.50 −4.75 × 169, giving 20/20 and 20/30-2 in OD and OS, respectively. Femtosecond laser-assisted intracorneal ring implant, associated with corneal CXL was proposed for the left eye, and the procedure was performed in February 2015. The Wavelight FS 200 was programmed to create a corneal tunnel at a 331 µm depth with an incision at 72 o . The Keraring SI5 160 o /250 micron (Mediphacos; Belo Horizonte, Brazil) corneal ring segment was chosen. Corneal CXL was performed using the fast mode with 18 mW/cm 2 for 5 min to provide a total energy of 5.4J (Avedro; Boston, USA). Fig. 4 demonstrates the effect of the combined intracorneal ring segment implantation with CXL, comparing pre (D) and pos operative (B) anterior corneal surface curvatures. At the bottom right part of the display we can also appreciate the anterior curvature post-and pre-operative difference map (B-D). Note the applanation effect, especially at the superior-temporal portion of the cornea. The fellow eye had a relatively normal Belin-Ambrósio Enhanced Ectasia Display (right eye) with no significant abnormalities in the elevation maps but relatively low ARTmax (Ambrósio's relational thickness to the maximal pachymetric progression meridian) of 371. [38] The BAD-D was 1.25 which is also considered relatively normal, along with corneal elevation data [ Fig. 5 ]. [16] Interestingly, the right eye showed nearly no curvature change during 2 years- Fig. 4a and c. In addition, the Belin ABCD progressions display [ Fig. 6 ] was generated and did not show significant evolution since the first visit throughout the 2 years of documented follow-up. [39] Considering such longitudinal topometric and tomographical data, this case might have been considered to have unilateral keratoconus, as proposed in a recent article. [40] While we would rather refer to such cases as unilateral ectasia due to a secondary biomechanical event, considering the consensus that unilateral keratoconus does not exist, [12] advanced Scheimpflug analysis provides evidence of the enhanced sensitivity approach. The CBI from Corvis ST was 0.95 in the right eye [ Fig. 7 ], [37] which is higher than 0.5 (threshold for detecting ectasia). Moreover, TBI was 0.74, which is higher than the cutoff range from 0.25 to 0.29 and thereby consistent with ectasia diagnosis in both eyes [ Fig. 7 ]. We do not dispute the fact that unilateral ectasia might occur. Indeed, the latest keratoconus global consensus agrees that while keratoconus is a bilateral disease, but secondary ectasia might be induced by a purely mechanical process, and thus occurs unilaterally. [12] However, this case is an example that enhanced screening technologies, especially with the combination of different approaches, beyond corneal surface, might augment the ability to detect milder forms of the disease. Fig. 8 presents the case of a 39 years-old male referred for specialized KC treatment. Manifest refraction was -1.75 -4.00 x 35 in OD and -0.50 -0.25 x 115 in OS, giving him 20/40 and 20/16 in OD and OS respectively. A marked irregularity with steep and truncated bow tie with skewed radial axis is noted in corneal topography from the right eye [ Fig. 8a ]. Front surface maps by Placido analysis were similar to corresponding Pentacam maps in both eyes. The Belin ABCD keratoconus staging was calculated and determined as A2B2C0D1 for OD and A0B0C0D0 for OS. [39] Elevation and pachymetric maps, along with pachymetric distribution graphs, were unremarkably normal in OS, with a BAD-D value of 0.25 [ Fig. 9 ]. Fig. 10 illustrates the Pentacam/Corvis ST ARV (Ambrósio, Roberts and Vinciguerra) TBI display. CBI and TBI values are unremarkably normal in OS. Interestingly, this case was examined by very high-frequency digital ultrasound and Fourier-domain optical coherence tomography, [41] which demonstrated normal epithelial mapping patterns. The diagnosis of unilateral ectasia in this case was based on clinical findings, along with tomographic and biomechanical data.
Unilateral ectasia

Conclusion
Clinical evaluation of in vivo corneal biomechanics is a challenging, but promising area of contemporary ophthalmology. Understanding the biomechanical corneal deformation behavior might be useful in numerous clinical situations, including glaucoma and corneal ectatic diseases. The characterization of ectasia susceptibility goes beyond the detection of mild cases, which unquestionably enhances safety of elective refractive corneal LVC but also may improve its efficiency. While we can recognize significant improvements over the past years, additional research is still needed. Nevertheless, we anticipate an accelerated growth in knowledge in this field in the next years to come.
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